ECONDARY brain injury after trauma and ischemia is an important clinical problem. The pathological events connected with brain injury entail cell death, inflammation, and edema. Possible pathogenic mechanisms include excitotoxicity, free radical damage, lipid peroxidation, acidosis, and ion disturbances. 40 Evidence is now emerging that the immune system also exerts pathogenic effects on the CNS. This relationship is well established in multiple sclerosis and meningitis, but the direct pathogenic mechanisms are obscure. 24, 48 In several studies the importance of neuroinflammation is also implicated in ischemic brain damage 54,56,57,72 and trauma. 20,27,40,51,56,65 In these diseases, a delayed intracerebral infiltration of cytokine-producing leukocytes occurs. 29, 36, 37, 46, 52, 69 Furthermore, intrinsic CNS cells are believed to contribute to the inflammation by producing cytokines. 31 The mechanisms by which the inflammation exerts its possibly harmful effects are not well understood. In in vivo studies inhibition of IL-1␤ has been demonstrated to reduce lesion size after trauma 65 and ischemia, 72 and decrease early edema formation.
skull before the skin incision was made. The rats were placed in a stereotactic frame and, under microscopic guidance, a craniotomy (1.5 mm in diameter) was drilled 2.5 mm posterior and 2.5 mm lateral to the bregma on the right side. Using a 10-l Hamilton needle, one 5-l injection was given at a depth of 2 mm from the brain surface in each animal at an injection rate of 1 l/minute. After the injection was completed, the needle was allowed to rest in position for another 2 minutes before being withdrawn. Mouse rIL-1␤ crossreacting with rat rIL-1␤ 8 (specific activity 1.6 ϫ 10 8 U/mg with D10 cell proliferation assay) and rat rTNF␣ (specific activity 10 7 U/mg with WEHI 164 cells) were diluted in PBS containing 2% gelatin. Two different concentrations of rIL-1␤ (2.5 ng/l and 0.025 ng/l) and three different concentrations of rTNF␣ (2.25 ng/l, 0.225 ng/ l, and 2.25 pg/l) were used. The dosage was chosen according to the manufacturer's recommendations and according to microdialysis data on IL-1 after mechanical injury to rat brains. 71 Control animals received injections of 2% gelatin in PBS. The endotoxin levels of the cytokine preparations were less than 0.1 ng/g. While still anesthetized, the animals were killed at 24 or 72 hours after the injection by decapitation. Their brains were analyzed using histochemical techniques or specific gravity measurements.
Immunohistochemical Studies
At 24 hours postinjection, rats treated with various concentrations of the cytokines were analyzed, together with six control animals (rIL-1␤: 2.5 ng/l in six rats, 0.025 ng/l in three; rTNF␣: 22.5 ng/l in six rats, 0.225 ng/l in six, 2.25 pg/l in three). At 72 hours postinjection, rats treated with one concentration each of rIL-1␤ and rTNF␣ (2.5 ng/l and 0.225 ng/l, respectively, six animals each) were analyzed, together with six control animals. After decapitation, the rat brains were removed, frozen in isopentane containing dry ice, and stored at Ϫ70˚C. Because the injections were administered at a depth of 2 mm with stereotactic guidance, the site of injection was determined while cutting by counting the number of horizontal slices removed in the cryostat until the appropriate depth was reached. Ten-micrometer horizontal cryosections were cut through the site of injection and thawed onto object glasses, and sections were then stored at Ϫ20˚C. Mouse monoclonal antibodies to mononuclear phagocytes, that is monocytes/macrophages and reactive microglia (ED1, dilution 1:4000, IgG 1 ); 11 T lymphocytes and polymorphonuclear cells (W3/13, dilution 1:1000, IgG); 70 33 and myelin sheaths and oligodendrocytes (CNPase, dilution 1:200, IgG 1 ) 60 were used. Polyclonal rabbit antibodies to rat albumin (dilution 1:1000, IgG fraction), 28 Bax (dilution 1:200, IgG fraction), 49 and Bcl-2 (dilution 1:100, IgG fraction) 25 were used. The antibodies were diluted in PBS containing 1% BSA, except the albumin antibody, which was diluted in PBS without BSA (PBS was used in all washing steps). The sections were air dried at room temperature for 30 minutes, washed, fixed in 4% buffered paraformaldehyde for 10 minutes, and washed prior to the staining procedure.
Endogenous peroxidase was quenched for 30 minutes in 0.5% hydrogen peroxide diluted in PBS. After washing, normal goat serum was applied for 30 minutes at room temperature to prevent nonspecific conjugate binding, except for the albumin antibody, which was applied without blocking serum. The sections were incubated with the primary antibodies for 14 hours at 4˚C. After washing, the indirect peroxidase method was applied using peroxidase-conjugated goat anti-mouse IgG for detection of the monoclonal antibodies, and peroxidase-conjugated goat anti-rabbit Fab 2 fragments (dilution 1:250) for detection of albumin staining. The conjugates were diluted in PBS containing 4% BSA, preabsorbed with normal rat serum for 14 hours to minimize crossreactivity with rat antigens, and applied to the sections for 1 hour at room temperature. After washing, the bound peroxidase was visualized by incubation for 5 minutes with a diaminobenzidine substrate kit. Sections were counterstained with hematoxylin, dehydrated, and mounted using DPX.
Normal adult rat brain sections were used as positive controls for neurofilament, GFAP, albumin, and CNPase staining and as negative controls for ED1, W3/13, 3.2.3, Bax, and Bcl-2. Normal spleen sections were used as positive controls for ED1, W3/13, and 3.2.3 staining and as negative controls for neurofilament, GFAP, and CNPase. Normal embryonic rat brain sections were used as positive controls for Bax and Bcl-2. To rule out the possibility of nonspecific conjugate binding, PBS or isotype-matched irrelevant negative antibodies were applied to some sections instead of primary antibody.
Histochemical Studies by Using the TUNEL Method
Sections were prepared for the TUNEL method (deoxyuridine triphosphate digoxigenin-labeled variant) the same way as described for the immunohistochemical procedure except that they were postfixed in ethanol/acetic acid (2:1) for 5 minutes at Ϫ20˚C before the staining procedure. The ApopTag kit, which is based on the method of Gavrieli, et al., 18 was used for detection of fragmented DNA. In brief, equilibration buffer was applied for 2 minutes and, thereafter, a mixture of terminal deoxynucleotidyl transferase and digoxigenin-labeled deoxyuridine triphosphate was applied to the section and incubated for 60 minutes at 37˚C. After washing in stop-wash buffer for 30 minutes at 37˚C, the sections were washed in PBS, and a peroxidase-conjugated antidigoxigenin antibody was applied for 30 minutes at room temperature. After washing, the bound peroxidase was visualized and the section counterstained, as described for the immunohistochemical procedure. Reactive and deoxyribonuclease-treated lymph nodes were used as positive controls. As a negative control, terminal deoxynucleotidyl transferase was replaced with PBS.
The TUNEL method was combined with immunohistochemical staining for either neurofilament, GFAP, CNPase, ED1, W3/13, Bax, or Bcl-2. Instead of using a peroxidase-conjugated antidigoxigenin antibody for TUNEL detection, an FITC-conjugated antidigoxigenin antibody was used. Thereafter, the sections were washed, incubated with normal goat serum for 30 minutes at room temperature, and one of the aforementioned primary antibodies was applied for 14 hours at 4˚C. After washing, a Cy3-conjugated goat anti-rabbit or goat anti-mouse (depending on the primary antibody) Fab 2 fragment (dilution 1:800) was applied for 60 minutes at room temperature. The sections were washed, mounted with glycerol/PBS (2:1), and stored at 4˚C. To rule out the possibility of nonspecific conjugate binding, the primary antibody was omitted in some sections when double staining was performed. Evaluation of double staining was completed using a fluorescence microscope fitted with an L4 filter cube (excitation filter: 450-490 nm, suppression filter: 515-560 nm) for FITC labeling and an N 2.1 filter cube (excitation filter: 515-560 nm, suppression filter edge wavelength: 590 nm) for Cy3 labeling. Photomicrographs for double-labeling illustrations were obtained by changing the filter cube without altering the section position or focus. Color photomicrographs in which Cy3 and FITC labeling were shown simultaneously were obtained by digitally superimposing two images by using a personal computer running appropriate software.
To estimate the distribution of the DNA-fragmented cell types, TUNEL-positive cells in sections double stained for either neurofilament, CNPase, W3/13, or ED1 were analyzed. By alternating the filter cubes of the microscope for each TUNEL-positive cell, the number of cells showing colocalization for TUNEL and either of the antibodies could be estimated. We analyzed 100 TUNEL-positive cells in the ipsilateral hemisphere (2 mm from the needle trauma) and 100 TUNEL-positive cells in the medial part of the contralateral hemisphere in each section and for each cell-marker antibody. Two consecutive sections from each animal, obtained at a depth of 2 mm from the brain surface, were counted and averaged to constitute one observation. Because the neurofilament antibody does not label neural cell bodies, the TUNEL and neurofilament double-labeled sections were counterstained with hematoxylin, making immunological and morphological recognition of TUNELpositive neurons in the same section possible. Statistical analyses were performed using Student's t-test.
The TUNEL-positive cells coexpressing Bax or Bcl-2 were analyzed in the ipsilateral hemisphere in the same way as described for the TUNEL staining and cell-marker antibodies.
Image Analysis
Overview photographs and images for analysis were obtained by placing the object glass in a scan enabler and imaging it by using a scanner linked to a personal computer running appropriate software. Image analysis was performed on peroxidase-stained sections by using a program developed at the National Institutes of Health. In this way, a large area (14 ϫ 7.5 mm) of the horizontally sectioned brain was analyzed for positive cells. This could be done because immunopositive cells showed a severalfold higher intensity than cells that had only been counterstained. A threshold value between the intensity of counterstained and immunopositive cells was chosen, and the program was set to count particles in which intensity exceeded the threshold value, within certain size limits. The same settings were used for all samples. Two consecutive sections, obtained at a depth of 2 mm from the brain surface, were counted in each animal and averaged to constitute one observation. Statistical analyses were performed using Dunnett's test. Manual counting of positive cells was also performed in four sections from each group to ascertain the accuracy of the computerized image analysis count- ing. The number of positive cells detected with computerized counting corresponded to the number of cells detected with manual counting.
Specific Gravity Measurements
Twenty-four hours after the injection, groups of five animals each receiving rIL-1␤ at a concentration of 2.5 ng/l, rTNF␣ at a concentration of 0.225 ng/l, or control injection were analyzed for brain tissue specific gravity. Identical groups were analyzed 72 hours after the injection. After decapitation, the rat brains were quickly removed and placed on an ice-cold dissecting table. A piece of cortex weighing approximately 15 mg was quickly dissected from the site of injection. This sample was immediately transferred to a density gradient column for estimation of specific gravity. The column was prepared according to the method of Nelson, et al. 44 In brief, the cortex sample was deposited onto a fluid gradient column consisting of a mixture of bromobenzene and kerosene. The specific gravity of the sample was determined from the depth it had reached after 5 minutes. The relation between depth and specific gravity was calibrated beforehand by the deposition of 10 l of potassium sulfate standard solutions in the column. The specific gravity standards used and the amount of potassium sulfate (parenthetically shown in grams per liter) needed to prepare them were as follows: 1.0365 (46.6), 1.0406 (51.9), 1.0447 (57.4), 1.0489 (62.8), 1.0530 (68.3), and 1.0572 (73.9) . Statistical analyses were performed using Dunnett's test.
Sources of Supplies and Equipment
The Hypnorm anesthetic was purchased from Janssen, Buckinghamshire, UK, and the Xylocain-Adrenalin from Astra, Södertälje, Sweden. The Hamilton needles were acquired from Hamilton AG, Bonaduz, Switzerland. The mouse rIL-1␤ was obtained from Genzyme Diagnostics, Cambridge, MA. The rat rTNF␣ and ED1 cells were purchased from Serotec, Oxford, UK. The Super Frost/Plus object glasses were purchased from Menzel-Gläzer, Braunschweig, Germany. The W3/13 cells were acquired from SeraLab, Sussex, UK. The 3.2.3. NK cells were provided by William Chambers, University of Pittsburgh, Pittsburgh, PA.
The neurofilaments (2F11) were obtained from Dakopatts a/s, Glostrup, Denmark. The GFAP was provided by Prof. V. Peter Collings, Department of Pathology, Karolinska Hospital, Stockholm, Sweden. The CNPase was purchased from Sigma Chemical Co., St. Louis, MO. The polyclonal antibodies were acquired from Cappel Research Products, Durham, NC. The Bax and Bcl-2 genes were obtained from Santa Cruz Biotechnology, Inc., Santa Cruz, CA. The goat anti-mouse IgG and goat anti-rabbit Fab 2 fragments were purchased from Jackson Immunoresearch Lab, Inc., West Grove, PA. The diaminobenzidine substrate kit (SK-4100) was acquired form Vector Laboratories, Inc., Burlingame, CA. The DPX mounting medium was obtained from BDH Laboratory Supplies, Poole, UK. The ApopTag kit was purchased from Oncor, Inc., Gaithersburg, MD. The DMRB fluorescence microscope and L4 and N 2.1 filter cubes were obtained from Leica, Nussloch, Germany.
The Macintosh PowerPC (model 8500/120) was acquired from Apple Computer, Inc., Cupertino, CA, and the Adobe Photoshop 3.0 software from Adobe Systems, Inc., Mountain View, CA. The Polaroid Sprint Scan and Polaroid Sprint Scan Enabler were purchased from Polaroid Corp., Cambridge, MA, and Meyer Instruments, Inc., Houston, TX, respectively. The image analysis software, which was developed at the National Institutes of Health, is in the public domain and can be obtained by downloading from the website zippy.numh.nih.gov or by ordering the floppy disk from the National Technical Information Service, Springfield, VA, part no. PB95-500195GEI.
Results

Analysis of the Cellular Inflammatory Response
The inflammatory response to injection of IL-1␤ and TNF␣ was analyzed by immunohistochemical studies of horizontal sections from the site of injection. Monoclonal antibodies to mononuclear phagocytes (ED1), polymorphonuclear cells/T lymphocytes (W3/13), and NK cells (3.2.3.) were used. In normal (naive) animals, very rare mononuclear phagocytes were detected around vessels, in the meninges, and in the choroid plexus (data not shown). No polymorphonuclear cells, T lymphocytes, or NK cells were detected. In control gelatin-injected animals, a slightly increased number of polymorphonuclear cells, T lymphocytes, and mononuclear phagocytes was detected around the injection track both 24 and 72 hours after the injection (Fig. 1 upper) .
Twenty-four hours after injection of 2.5 ng/l of rIL-1␤, numerous polymorphonuclear cells, T lymphocytes, and mononuclear phagocytes were detected in the entire ipsilateral hemisphere (p Ͻ 0.001), and extending also to the medial part of the contralateral hemisphere (p Ͻ 0.001; Fig. 1 upper left and lower left, and Fig. 2 ). The W3/13-labeled cells constituted the majority of inflammatory cells; NK cells were not detected (data not shown). A similar but weaker effect was seen in animals receiving the lower concentration (0.025 ng/l) of rIL-1␤ (p Ͻ 0.001) (Fig. 1 upper left and lower left) . Seventy-two hours after the rIL-1␤ injection, the number of inflammatory cells had decreased dramatically to control levels (Fig. 1 lower) .
Expression of GFAP was unchanged 24 hours after injection of IL-1␤ (0.025 ng/l and 2.5 ng/l), but at 72 hours a clear increase in GFAP staining was detected in the ipsilateral hemisphere (2.5 ng/l; Fig. 3) .
In rTNF␣-injected animals, the numbers of mononuclear phagocytes, T lymphocytes, polymorphonuclear cells, NK cells, and the amount of GFAP expression remained at control levels both 24 and 72 hours after the injection (Fig. 1) .
Analysis of DNA Fragmentation and Bax/Bcl-2 Expression
Cellular DNA fragmentation after injections of IL-1␤ or TNF␣ was analyzed on horizontal sections from the site of injection by using the TUNEL method. In normal (naive) animals, no cells were positive (data not shown). In controls, a few positive cells were detected around the injection track both 24 and 72 hours after the injection (Fig. 1 upper) .
In animals receiving 2.5 ng/l of rIL-1␤, however, a dramatic effect on DNA fragmentation was seen 24 hours after the injection. The number of positive cells increased in the ipsilateral hemisphere (p Ͻ 0.001), extending also into the medial contralateral hemisphere (p Ͻ 0.001; Fig. 1 upper left and lower left) . A similar but weaker effect was seen in animals receiving the lower concentration (0.025 ng/l) of rIL-1␤ (p Ͻ 0.001; Fig. 1 upper left  and lower left) . Small, pyknotic, fragmented nuclei were found in 73.8 Ϯ 6.77% (mean Ϯ SD) of the TUNEL-positive cells, thereby showing morphological characteristics for apoptosis (Fig. 4) . Morphological signs of apoptosis without TUNEL staining were not detected, and morphological signs of necrosis were not detected at all. At 72 hours after the injection, the number of TUNEL-positive cells had decreased to control levels in animals injected with rIL-1␤ (Fig. 1 upper right and lower right) .
In animals injected with rTNF␣, a few positive cells, not different from controls, were detected around the injection track both 24 and 72 hours after the injection (Fig. 1) .
Next, we identified the cell types undergoing DNA fragmentation 24 hours after injection with 2.5 ng/l of rIL-1␤. Fluorescence double labeling with TUNEL and cell-marker antibodies, complemented with hematoxylin counterstaining, showed the distribution of the cell types undergoing DNA fragmentation (Figs. 5 and 6 ). The distribution was different in the ipsi-and contralateral hemispheres. In the ipsilateral hemisphere (2 mm from the needle trauma), 40% of the TUNEL-positive cells were neurons. In contrast, TUNEL-positive polymorphonuclear cells were predominant in the medial contralateral hemisphere. A relatively large number of TUNEL-positive mononuclear phagocytes was also detected, as well as TUNEL-positive oligodendrocytes, which were located in white matter (Fig. 7) . Cellular colocalization of TUNEL and GFAP was not detected (data not shown).
The expression of the proapoptotic factor Bax and the antiapoptotic factor Bcl-2 in DNA-fragmented cells was also analyzed by TUNEL staining in combination with immunohistochemical studies. All TUNEL-positive cells were Bax positive. The staining intensity for Bax varied in different cells from very strong to moderate (Fig. 8) . Expression of Bax in TUNEL-negative cells was not detected. Staining for Bcl-2 was seen in 69.6 Ϯ 4.6% (mean Ϯ SD) of the TUNEL-positive cells. The staining intensity for Bcl-2 was weak in all cells compared with the Bax staining intensity (Fig. 8) . Expression of Bcl-2 in TUNELnegative cells was very rare.
Staining for Bax and Bcl-2 was also performed in embryonic rat brain sections to rule out the possibility of different antibody affinities as an explanation for different staining intensity. The staining intensity for both antibodies increased toward the cortical surface and was slightly stronger for Bcl-2 than for Bax (Fig. 9) .
Analysis of Specific Gravity and Albumin Staining
We measured the specific gravity of brain samples by using a density-gradient column to estimate the edematous effect of intracerebral cytokine administration. The samples were analyzed 24 or 72 hours after the injections. Administration of 2.5 ng/l of rIL-1␤ caused a significant decrease in specific gravity compared with controls at 24 hours postinjection (p Ͻ 0.001). At 72 hours, the specific gravity had increased to control values (Fig. 10) .
Administration of 0.225 ng/l of rTNF␣ also caused a significant decrease in specific gravity 24 hours after injection (p Ͻ 0.01), although the decrease was not as prominent as for rIL-1␤. In contrast to rIL-1␤ injections, the specific gravity remained low (p Ͻ 0.01) in rTNF␣-injected brains at 72 hours after injection (Fig. 10) .
To analyze the type of edema leading to decreases in specific gravity, horizontal sections cut through the injection site were stained immunohistochemically for albumin. In control animals, a distinct intraluminal staining was seen in both hemispheres. Only a small area (approximately 0.5 mm in diameter) around the needle track showed vessels with surrounding diffuse staining at 24 hours postinjection. At 72 hours, this effect was negligible (Fig. 11a and b) , although at 24 hours after the injection of
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Induction of inflammation, apoptosis, and edema by IL-1␤ rIL-1␤ a large circular area around the needle track (approximately 7 mm in diameter) showed intense, diffuse, parenchymal albumin staining with nondiscernible intraluminal staining (Fig. 11e) . In an intermediary zone between diffusely and normally stained tissue, intraluminally stained vessels with a surrounding diffuse halo were seen, indicative of less severe BBB dysfunction. The contralateral hemisphere was never affected (data not shown). A similar but less pronounced effect was seen in animals receiving rTNF␣ (Fig. 10c) . At 72 hours, animals treated with rIL-1␤ showed less intense parenchymal staining and some intraluminal staining could be discriminated (Fig.   11f ). However, in animals treated with rTNF␣, the pattern seen at 24 hours persisted (Fig. 11d) .
Taken together, the data indicated that rIL-1␤ caused an ipsilateral vasogenic edema that was transient within 72 hours, whereas TNF␣ caused a less pronounced but more long-lasting vasogenic edema.
Discussion
We have shown that IL-1␤ induces intracerebral infiltration of inflammatory cells and apoptosis of intrinsic CNS cells and inflammatory cells and that it causes reversible BBB injury leading to brain edema, whereas TNF␣ causes a more long-lasting BBB injury leading to vasogenic brain edema. These effects are potential contributors to brain injury and are likely to occur in the clinical setting when IL-1 and TNF␣ are synthesized. The cytokines IL-1␤ and TNF␣ are produced in the brain after trauma, 19, 22, 29, 39, 63 ischemia, 57,62 irradiation, 35 and meningitis, 17, 67 and in primary neuroinflammatory conditions such as multiple sclerosis. 48 In trauma and ischemia, both acute 14, 15, 36, 37, 62, 63 and delayed 29, 36, 37, 46, 69 phases of cytokine production have been demonstrated, thereby making a prolonged action on the brain by these proinflammatory cytokines possible.
One of the aims of this study was to analyze the cytotoxic effects in the brain caused by these proinflammatory cytokines. We used the TUNEL method to detect DNA fragmentation, which is indicative of cell death. There are two types of cell death: apoptosis and necrosis. Caspases, which cause internucleosomal DNA fragmentation, are regulated by proapoptotic genes such as Bax and antiapoptotic genes such as Bcl-2. It appears that the ratio of Bax to Bcl-2 determines survival of cells after an apoptotic stimulus. 49, 73 Necrosis also leads to DNA fragmentation, although the fragments are randomly sized. 1, 68 The distinction between the two concepts is still subject to much controversy; for example, the same stimulus can elicit either necrosis or apoptosis depending on its intensity. 4, 13 In this study we analyzed DNA fragmentation and expression of genes associated with programmed cell death. The higher proportion of Bax-positive cells and the more intense staining for Bax compared with Bcl-2 in TUNEL-positive cells corroborate findings in previous studies in which it has been demonstrated that the expression ratio of these two genes determines the fate of the cell. 49, 73 A higher expression of Bax compared with Bcl-2 correlates with neuronal death also in ischemia. 34 Our data indicate that an endogenous cell death program was activated, leading to apoptosis.
Fragmentation of DNA occurs both in the acute and the delayed phase after trauma, 55 ischemia, 3, 16, 47 and glutamate exposure. 2 Necrosis takes place primarily in the acute phase and apoptosis in the delayed phase, that is, several days after the insult. 3, 47 Large amounts of IL-1␤ are produced in the delayed phase after an experimental brain contusion. 29 It is therefore possible that IL-1␤ also contributes to delayed apoptosis following traumatic brain injury. The cell death program may be activated by IL-1␤-induced proteases or altered gene expression. Furthermore, recruited leukocytes are capable of cell-mediated cytotoxicity and production of free radicals and nitric oxide, which may cause cell injury. The anatomical distributions of leukocytes and DNA-fragmented neurons were very similar, indicating a causal relationship. It is also possible that cellular death in this model leads to a secondary infiltration of leukocytes. The DNA fragmentation in leukocytes may be due to withdrawal of IL-1␤ stimulation and indicates termination of the inflammatory response. The dramatic decrease in the number of inflammatory cells observed at 72 hours after the injection corroborates this hypothesis.
Demyelination is an important event in multiple sclerosis and also occurs after head injuries. 45 We found DNA fragmentation in oligodendrocytes, although the cells were few in number compared with leukocytes and neurons. Induction of oligodendrocyte death by IL-1␤ adds a mechanism by which demyelination can be mediated. The TNF␣ did not cause DNA fragmentation by itself within the period analyzed in this study. Fragmentation of DNA has been demonstrated in oligodendrocytes, but not in neurons in in vitro studies, but only after 72 58 or 96 12, 41 hours of continuous TNF␣ exposure. It is possible that a continuous TNF␣ exposure for 72 hours or more also would have elicited DNA fragmention in our study. Alternatively, endogenous inhibitors of TNF␣-induced DNA fragmentation are present in vivo, or TNF␣ may have different actions in the in vivo situation. It was recently shown that mice lacking TNF receptors developed a more pronounced neuronal injury following ischemia and epilepsy and that this effect could be attributed to increased oxidative stress. It has been suggested that TNF␣ serves a neuroprotective function by stimulating antioxidant pathways. 5 Further studies are required to elucidate the intracerebral actions of TNF␣.
Injection of IL-1␤ caused a widespread inflammatory response extending into the medial part of the contralateral hemisphere. A possible explanation for this widespread effect is that IL-1␤ spread along the white matter tracts of the corpus callosum to the contralateral hemisphere or diffused into the subarachnoid space to reach the interhemispheric fissure and the medial contralateral parenchyma. The effects must be local, because IL-1␤ entering the systemic circulation from the site of injection would certainly have influenced even the lateral part of the contralateral hemisphere. Large amounts of IL-1␤ are produced 4 to 6 days after an experimental brain contusion, thereby correlating in time with maximum inflammation. 28, 30 Upregulation of endothelial adhesion molecules 32 is stimulated by IL-1␤, and this cytokine may therefore be important for initiating and maintaining the intracerebral inflammatory response after head injury. The finding of increased GFAP expression 3 days after IL-1 injection is in agreement with previous data from Giulian, et al., 21 showing that IL-1 is a mediator of astrogliosis. Delayed increased intracranial pressure is a severe complication associated with cerebral contusions and has been described in clinical 38, 61, 66 and experimental 26 settings. The timing of delayed edema correlates with an intracerebral inflammatory response 28, 30 and is attenuated by treatment with antiinflammatory drugs. 27 We also tested whether the proinflammatory cytokines IL-1␤ and TNF␣, which are produced in the brain after trauma and ischemia, would affect the BBB if administered intracerebrally. It has been suggested in in vitro studies that both IL-1␤ and TNF␣ increase BBB permeability 10, 43 and that TNF␣ is toxic to brain endothelial cells. 64 Results of intrathecal 53 and intraocular 9 injections of IL-1␤ or TNF␣ corroborated the in vitro findings; IL-1␤ had a more pronounced effect on BBB permeability compared with TNF␣, but TNF␣ was cytotoxic to endothelial cells. In our investigation, the cytokines were administered intraparenchymally to mimic the site of production following trauma and ischemia. Our finding that IL-1␤ caused a more pronounced but rapidly transient effect on BBB permeability and edema compared with TNF␣ is in agreement with the aforementioned studies and also corroborates a report by Gordon, et al., 23 in which a transient opening in the BBB was shown after intraparenchymal administration of IL-1. A possible mechanism is that IL-1␤ causes reversible injury to the basal membrane or induces temporary opening of the endothelial tight junctions, whereas the long-lasting effect of TNF␣ may be due to endothelial cytotoxicity. The fact that the presence of IL-1␤ and TNF␣ is sufficient to cause brain edema indicates a causative role in traumatic, ischemic, and inflammatory brain injury.
Conclusions
In this investigation, which was undertaken to analyze the effects of cytokines that are produced after traumatic brain injuries and ischemia and in CNS inflammatory states, we have demonstrated that IL-1␤ induces intracerebral inflammation and cell death by apoptosis and that IL-1␤ and TNF␣ cause BBB injury leading to brain edema. Therefore, IL-1␤ and TNF␣ are interesting targets for
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Induction of inflammation, apoptosis, and edema by IL-1␤ specific immunotherapy. However, it is necessary to analyze their dynamic roles so as to interfere only with their detrimental effects.
